Effect of thrustor arcing on ion rocket system design by Stover, J. B.
* N A S A  T E C H N I C A L  
M E M O R A N D U M  
4 
E c 
a 
v) 
EFFECT OF THRUSTOR ARCING ON ION 
ROCKET SYSTEM DESIGN 
by John B. Stover 
Lewis Research Center 
Cleveland, Ohio 
NASA TM X32045 
I 
T 
OTS PRICE 
t 
TECHNICAL PREPRINT prepared for Electric Propulsion 
Aeronautics and Astronautics 
Philadelphia, Pennsylvania, August 31 - September 2, 1964 
1 Conference sponsored by the American Institute of 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON, D.C. 1964 
https://ntrs.nasa.gov/search.jsp?R=19640018167 2020-03-24T06:17:11+00:00Z
TECHNICAL MEMORANDUM 
E F F E C T  O F  THRUSTOR ARCING ON ION 
ROCKET SYSTEM DESIGN 
by John B. Stover 
Lewis  Resea rch  Center  
Cleveland, Ohio 
TECHNICAL PREPRINT p r e p a r e d  for 
Electric Propuls ion Conference 
sponsored by the American Inst i tute  
of Aeronautics and Astronaut ics  
Philadelphia, Pennsylvania, August 3 1 - September  2, 1964 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
IDFECT OF THRUSTOR AFCIIVG ON ION 
ROCKET SYSTEM DESIGN 
cn 
W 
W 
cu 
I w 
by John B. Stover 
L e w i s  Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio 
ABSTRACT 
Arcing between the electrodes of an ion rocket thrus,or is inves- 
t iga ted  f o r  the  e f f ec t  it w i l l  have on the overal l  design of ion 
rocket systems. The e f f ec t  of generator, transformer, and inser ted 
impedances on system s t a b i l i t y  and efficiency, and on operating l i f e -  
time of th rus tor  components are  considered. Rate of arcing, prefer- 
e n t i a l  a r c  paths, speed of a rc  interruption, and response of thrustors  
t o  voltage t rans ien ts  are  a l so  discussed. The study indicates  that 
arcing i s  a system hazard and that arcing r a t e s  a re  of prime impor- 
tance i n  the  design and deveiopment of tlmusiors, ti-fi=ustor zrmys,  
and system components. Two system models f o r  reducing the hazard a re  
proposed, based on principles developed herein, published data, and 
experience available from operation of a nine-module electron- 
bombardment thrus tor  array. 
models is  presently underway. 
Experimental invest igat ion of these 
jqLdw& /
INTRODUCEON 
Significant parameters fo r  comparing ion rocket systems are  
weight, efficiency, and operating l i f e .  These parameters a re  affected 
by interact ions between t h r u s t o r s  and connected e l e c t r i c a l  equipmento 
X-52045 
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It i s  therefore necessary t o  consider e n t i r e  systems i n  order t o  guide 
research and development on system components. The purpose of this 
paper i s  t o  discuss the influence of arcing on the  in tegra t ion  of an 
e l e c t r i c  power system with a number of e l ec t ros t a t i c  th rus tor  modules, 
with particular reference t o  the charac te r i s t ics  and requirements of 
the electron-bombardment thrus tor  
Experience indicates t h a t  the occurrence of shor t -c i rcu i t  arcs  
between thrustor accelerating electrodes can be a hazard t o  the en t i r e  
e l e c t r i c  power system as well  as t o  the thrustors .  
1000 such arcs may occur during a 200-day mission. Sh2rt-circuit  
current,  which exceeds normal load current,  can cause overheating of 
e l e c t r i c a l  winding insulat ion and abnormally high electromagnetic 
bending forces between conductors Rect i f ie rs  can be overheated and 
erosion w i l l  occur a t  the foot  of the arc. Furthermore, short-  
c i r c u i t s  can lead t o  unstable operation of both the  powerplant and the 
thrustors ,  Elimination of the  arcing hazard i s  feas ib le ,  but can 
exact penalt ies i n  weight and efficiency. 
hazard w i l l  be domlnant i n  determining the  design of the  e l e c t r i c  
power system. 
A t o t a l  of 100 t o  
It appears t h a t  the arcing 
I n  t h i s  paper the charac te r i s t ics  of th rus tors  and power system 
elements will be considered first.  Next, system problems t h a t  apise 
because of thrustor arcing w i l l  be i l l u s t r a t e d  by discussion of a 
rudimentary ion rocket, system. Final ly ,  two system models t h a t  over- 
come these problems w i l l  be proposed. 
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SYSTESI EI;EMENTs 
T h u s  t ors 
An ion thrus tor  a c t s  upon a low-mass-flow stream of vaporized 
propellant t o  produce a high velocity exhaust j e t .  
diagram of the par t s  of an electron-bombardment thrus tor  connected 
t o  the required power supplies. Voltages and currents are  shown f o r  
a j e t  (beam) power of 2 kilowatts a t  a spec i f ic  impulse of about 
5000 seconds ( w i t h  mercury propellant). 
troduced i n t o  a manifold. 
be f f l e  i n t o  a ckmber which contains a hot f i l m e n t  and a cyl indrical  
anode. An electron current, constrained su i tab ly  by an axial magnetic 
f i e l d  (provided by permanent magnets, not shown), flows between the 
filament and anode and ionizes a portion of the  propellant stream by 
col l is ion.  
This electrode or extraction system i s  composed of a posi t ive screen 
electrode and a negative accelerator electrode, which are spaced and 
proportioned s o  that the e l ec t r i c  f i e l d  accelerates the ions i n  a 
subs tan t ia l ly  axial direct ion without appreciable intercept ion by the  
electrodes. Electrons emitted from a heated neut ra l izer  mix with the 
accelerated ions t o  form an e l ec t r i ca l ly  neut ra l  high-velocity exhaust 
j e t .  
Figure 1 is  a 
Vaporized propellant i s  in- 
Fromthere it flows through a d is t r ibu tor  
Propellant ions diffuse downstream t o  an electrode system. 
When a short-circui t  occurs between thrus tor  screen and accelera- 
t o r  electrodes, ion acceleration, and hence thrust, i s  reduced dras- 
t i c a l l y o  Reference 1 shows that should the high-voltage posi t ive 
screen electrode or th rus tor  body be short-circui ted t o  ground, a 
large f r ac t ion  of the posi t ive ion beam current would be intercepted 
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by the high-voltage negative accelerator electrode. 
a to r  electrode short-circuited t o  ground most of t he  electrons 
emitted by the neutral izer  would backstream t o  t he  screen electrode. 
This electron current is  a nonthrust producing power load on the  
posit ive high voltage supply t h a t  can exceed the  thrust producing 
power of the ion beam. 
I f  the  acceler- 
The general features of breakdown and arcing between thrustor  
electrodes have been described i n  reference 2-  Two types of arcing 
were observedo The more frequent type was a self-extinguishing, or 
"chopped" arco This was a low-current a r c  which extinguished because 
the r a t e  of metal vaporization a t  the negative electrode w a s  not suf- 
f i c i e n t  t o  maintain a minimum metal vapor density between electrodes 
required f o r  conduction. The l e s s  frequent type of a rc  pers is ted and 
operation of a c i r cu i t  interrupter  was required t o  extinguish the  a rc  
and re-establish normal electrode potent ia ls .  It was concluded that 
fi lms of contaminants present on the electrodes probably provided 
the additional material required i n  the  interelectrode gap t o  sustain 
these arcs. The t o t a l  r a t e  of arcing of both types was not established, 
but was a t  l ea s t  twice the  r a t e  of sustained arcing which was between 
0.04 and 4,O arcs  per hour during operation i n  vacuum f a c i l f t i e s .  
Data with other vacuum and electrode conditions, summarized i n  refer-  
ence 3, show t h a t  more than 30,000 vol ts  i s  required t o  break down a 
8-millimeter vacuum gap, From t h i s ,  it might be assumed t h a t  there  
would be no thrustor  breakdown during operation i n  t h e  "hard vacuum'' 
of space. This i s  not necessarily t rue  because the  material  and con- 
dit ioning of the  electrodes are  as important i n  determining breakdown 
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stren@,h i n  vaclmm a s  is the baclrgrollnd p e s s l l r e -  
that breakdown can occur from micrometeorite impact during space 
f l i gh t ;  however, the r a t e  of breakdown occurrence from micrometeor- 
i t e s  has not yet  been determined, Therefore, the  t o t a l  r a t e  of 
th rus tor  arcing i n  space from a l l  causes is  not yet predictable. 
Reference 4 shows 
Reference 5 shows that arc  erosion is proportional t o  a rc  cur- 
r en t  magnitude and duration. Based upon this reference, calculation 
of a rc  erosion of a molybdenum accelerating electrode of a 
20-centimeter electron-bombardment thrus tor  shows that surpr is ingly 
large a r c  currents my be tolerated.  For example, it is estimated 
that an 840-ampere a rc  pers is t ing f o r  0.1 second would erode 0.05 per- 
cent of the electrode mater ia l  i n  a 20-centimeter-diameter electron- 
bombardment thrustor .  
major problem i n  space f l i g h t .  
Arc erosion w i l l  therefore  probably not be a 
Reference 6 shows that f o r  many proposed ion rocket missions, je t  
power on the order of hundreds of kilowatts,  a t  a spec i f ic  impulse of 
about 5000 seconds, i s  desired. Present electron-bombardment thrus- 
t o r s  produce about 2 kilowatt j e t  power a t  t h i s  spec i f ic  impulse. 
beam power remains l imited t o  a few kilowatts, or  even tens  of ki lo-  
watts per thrustor ,  ion rocket missions can s t i l l  require arrays of 
hundreds of th rus tor  modules. 
If 
Figure 2 i s  a graph of the arcing r a t e  of an a r ray  of 2 kilowatt 
j e t  power thrus tors  plot ted against t o t a l  j e t  power. 
shmn f o r  an individual t h r u s t o r  arcing r a t e s  of 0.04 arcs  per hour 
( the  present minimum r a t e  experienced i n  the  laboratory and reported 
i n  r e f o  1) and assumed reductions of this r a t e  by fac tors  of one- 
Curves a re  
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t en th  and one-hundredth. A reduction of two orders of magnitude would 
r e su l t  i n  between Od02 and 0,2 short-circui ts  per hour on the array,  
depending upon the t o t a l  j e t  power. 
number of short-circuits would be between 100 and 1000. 
For a 200-day mission, the t o t a l  
Power System 
A nuclear-turboelectric system capable of hundreds of kilowatts 
power output could have a s ingle  generator delivering three-phase 
current, a l ternat ing a t  1000 cycles per second, a t  a phase voltage 
of 1000 vol tsp 
rent  fnterruptfon, the power output of t he  generator would be abnor- 
m a l ;  consequently, there could be f luctuat ions i n  angular speed of 
the  turbogenerator, Also, i f  the  generator magnetic f i e l d  current 
were supplied through r e c t i f i e r s  from the  main generator terminals, 
generated voltage would tend t o  decrease- 
plant would remain s table  during periods of large output power 
f luctuat ion i s  not yet knowno 
During a period of short-circui t ,  and a l s o  after cur- 
Whether or not the power- 
For the specif ic  impulse range of i n t e re s t ,  a major par t  of t he  
generator output m u s t  be transformed t o  higher voltages and r e c t i -  
f i e d  before it can be converted t o  j e t  power by the  thrustors .  Much 
of the  remaining power m u s t  be transformed t o  lower voltages f o r  use 
i n  the  thrustor ion  chambers, cathodes, and neutral izers .  Consfdera- 
t i o n  of transformer weight var ia t ion with power r a t ing  shows that a 
minimum number of power supplies w i l l  be e s sen t i a l  f o r  a lightweight 
high-power ion thrustor  systemo Figure 3 shows the  e f fec t  of t rans-  
former output on transformer spec i f ic  weight based upon well-known 
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s imi la r i ty  re la t fonshipso For example, two hundred 2 kilowatt t rans-  
formers would wzigh a t  l e a s t  four times as much as one 400 kflowatt 
transformer and, because loss per u n i t  weight is  assumed constant, 
transformer losses would be four times as large,  Assmning a r a t i o  
of 10 t o  lbe tween pmerplant and transformer spec i f ic  wefghts and 
equal transformer losses,  use of: a mul t ip l ic i ty  of transformers could 
r e s u l t  i n  a t o t a l  transformer wefght as high as one-half of the power- 
plant we1 ght 
Alternating or direct cuprent c i r cu i t  breakers requir-ed t o  in- 
t e r r q t  a h s r t - c l r = z i t  :xi-rsnt prsbzb1y will be zf the sealed Tracwm 
type, sfmilar t c  those  OFT being developed., Idea l ly  a-c short-  
c i r cu i t  cxrrent can be interrupted a f t e r  one period of current a , l ter-  
nation; actual ly  the current may not be interrupted until several  
cycles have been completed, Dfrect current shor t -c i rcu i t  current, 
up t o  10 amperes, can be i n t w r u p t . d  a f t e r  a comparable period, A 
period of a t  l e a s t  C.01 second w i l l  be r e q ! r e d  t o  reclose the c i r -  
cu i t  breaker- 
R d m e n t  a ry  System 
Figure 4 shows a rudimerit,ary ion rocket system. It consis ts  o f  
an array of thrustom connected f n  p a r a l l e l  t o  a mfnfnum nmber of 
power supplies, GonsfderatPon of this syetem w i l l  i l l u s t r a t e  the 
problems of ion rocket, system des-fgn that a r fse  because of the  occur- 
rence of short-circu. t tso 
For s h p l l  c i ty ,  ac:elet-aTor eleczrode poten t ia l  has been =hasen 
equal t o  the thrustor screen pctent la l ,  contrary t o  the  case srhowa E a  
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f igure 1. 
screen electrodes and anodes of the thrustor  modules. Therefore a 
common propellant manifold, which w i l l  a l s o  interconnect the  screen 
electrodes may be used. 
Common ionization power supplies w i l l  interconnect the 
The i n i t i a l  r e su l t  of short-circui t  arcing between electrodes of 
any thrustor module w i l l  be t h a t  t o t a l  beam current (which was 
or iginal ly  divided among the thrustors)  w i l l  flow between the  arcing 
electrodeso Maximm a-c current w i l l  flow during the  first cycle 
a f t e r  short-circuit ,  and estimates of impedances indicate  it w i l l  
probably be about four-times rated current. The d-c current w i l l  
r i s e  correspondingly t o  about four-times normal t o t a l  beam current. 
Estimates of impedances a l s o  indicate that generator terminal voltage 
w i l l  decrease t o  l e s s  than half  i t s  normal value, with t h e  result 
that the ionization discharges i n  a l l  th rus tors  w i l l  tend t o  extin- 
guish. Opening of e i t h e r  c i r cu i t  breaker I or I11 ( f i g .  4) t o  ex- 
t inguish the a rc  current w i l l  drop almost a l l  generator load which 
may r e su l t  i n  the en t i r e  powerplant becoming unstable. 
opening of c i r cu i t  breaker I w i l l  extinguish the  ionizat ion dis-  
charges i n  a l l  t h r s t o r s  and require res ta r t ing ,  which w i l l  tend t o  
shorten t h r u s t o r  operating l ifetime. 
w i l l  r esu l t  i n  over-voltages which w i l l  a l so  tend t o  shorten thrustor  
operating l i fe t ime-  Opening of c i r cu i t  breaker I1 w i l l  r e su l t  i n  a 
backstreaming current of electrons between the  neut ra l izer  emitters 
(not shown on f ig .  4)  and the  screen electrodes of a l l  th rus torso  
It is a l so  possible that short-circui t  a rcs  may occur between a screen 
electrode and a neut ra l izer  emitter and require operation of e i the r  
I n  addition, 
Opening of c i r c u i t  breaker I11 
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c i r cu i t  breaker 1 or 111. It i s  obvious that the short-circui t  cur- 
r en t  magnitude should be l imited - i f  possible t o  only a few percent 
above normal load current - t o  protect the generator, transformer, 
and r e c t i f i e r s  from the  effects  of excessive current,  and t o  prevent 
over voltages that w i l l  tend t o  shorten thrus tor  component operating 
l i fe t imes  
Short-circuit  current could be l imited by inser t ing  a r e s i s t o r  
i n  the posi t ive d-c c i r cu i t .  
power loss  during normal operation of the array. 
equal t o  the load resistance of the  array would be required t o  l i m i t  
short-ci rcui t  current between the posi t ive d-c c i r c u i t  and ground t o  
two-times t o t a l  beam current* 
the  r e s i s t o r  would equal the j e t  power of the array. 
power loss would result from inser t ing suf f ic ien t  res is tance t o  l i m i t  
short-circui t  current between electrodes t o  two-times normal beam 
current-  
require a large increase i n  kilovolt-ampere ra t ing  of the main trans- 
former and/or the generator, and therefore a large increase in equip- 
ment weight ) 
However, t h i s  would result i n  excessive 
A se r i e s  res is tance 
During normal operation, power loss  i n  
Even greater  
( Inser t ion of inductors t o  U t  short-circui t  current would 
Inser t ion  of individual r e s i s to r s  between th rus to r  modules and 
the d-c posi t ive c i r c u i t  could l i m i t  th rus tor  short-circui t  current 
t o  the t o t a l  a r ray  beam current with continuous power loss of 1 per- 
cent of j e t  power, However, individual r e s i s t o r s  cannot be e f fec t ive  
w i t h  e i t he r  a common anode power supply f o r  a l l  th rus tors ,  or with a 
common propellant manifold, 
t o r  bodies and screen electrodes together through the  plasma of the 
A common anode supply w i l l  connect thrus- 
10 
thrustor  modules while a common propellant manifold w i l l  connect them 
di rec t ly  . 
It follows that it w i l l  be desirable t o  limit short-circui t  cur- 
ren t  between electrodes by inser t ion of res is tance i n  the  negative 
d-c c i rcui t .  
c i r cu i t  current can be l imited only a t  the  expense of continuous 
power losses, the  array should be designed t o  prevent this type of 
short-circuit  
Furthermore, because posit ive c i r c u i t  t o  ground short-  
Normal accelerator impingement current i s  about 1 percent of 
beam current. Therefore, a resistance of 50-times load resistance 
of the  array inser ted i n  the negative d-c c i r cu i t  would r e s u l t  i n  a 
continuous power loss  of about a half percent of j e t  powero For a 
400 kilowatt, 4000 vol t  th rus tor  array t h i s  res is tance would be 
2000 ohms and would l i m i t  power system current t o  100 amperes normal 
beam current plus 4 amperes r e s i s t o r  current during a short-circui t  
between electrodes e 
disconnected, following short-circui t ,  they w i l l  f l o a t  near ground 
potent ia l  and upon reconnection the ion intercept ion current w i l l  be 
several  times normal. The voltage drop across the  s e r i e s  r e s i s t o r  
would then be several  times normal and t h e  accelerator po ten t ia l  w i l l  
not be re-established because of excessive interception current. 
Thus, too  many accelerator electrodes connected t o  a single current- 
l imit ing r e s i s to r  can r e s u l t  i n  f a i lu re  t o  re-establ ish normal elec- 
trode potent ia l  following a short-circui t  interrupt iond 
following interruption, electron backstreaming could possibly occur 
f romthe  neutralizer emitters t o  a large number of screen electrodes. 
However, when the accelerator electrodes are 
I n  addition, 
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This would seem t o  increase the r i s k  of arcing between the  posi t ive 
d-c c i r cu i t  and ground, which i s  undesirable- 
Proposed System Models 
The system models shown i n  f igures  5 and 6 are consistent with 
the  pr inciples  developed thus fa r ,  Both have su f f i c i en t  res is tance 
inser ted between the  accelerator electrode of each thrus tor  module 
and the negative d-c c i r c u i t  t o  l i m i t  current En the  power system t o  
within a few percent of t o t a l  beam currento I n  f igure 5, d-c vacuum 
c i r cu f t  breakers a re  a l so  inserted t o  h t e m p t  short-circui ts  be- 
tween thrus tor  electrodes- I n  f igure 6 the inserted resfstance is 
la rge  enough t o  l i m i t  current t o  a small value which w i l l  be unstable 
and w i l l  chop rapidly i n  the gap between thrus tor  electrodes thus not 
requiring d-c c i r c u i t  breakers- 
Both system models have negative poten t ia l  shielding interposed 
between posi t ive poten t ia l  par ts  of the  array and ground f o r  the  pur- 
pose of favoring short-circui ts  between the  posi t ive and negative 
d-c c i r c u i t s  and avoiding short-circui ts  between posi t ive d-c c i r c u i t  
and ground- Both system models mfnFmize the  exposure of the  posi t ive 
electrodes t o  e lectron backstreaming, and therefore t o  arc- between 
the  posi t ive electrodes and neutral izer  emitters,  by permitting only 
the  fau l ted  accelerator electrode t o  r i s e  t o  posi t ive d-c poten t ia l  
following a short-circui t .  
The pr incipal  problem presented by these system models i s  whether 
o r  not they w i l l  be comproafsed by electron backs t reaabg  from the 
neut ra l izer  emitters f olluwing short-circui t  I n  both models a 
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fau l ted  accelerator electrode w i l l  r i s e  t o  posi t ive d-c poten t ia l  
during short-circuit .  All other th rus tor  electrode poten t ia l s  w i l l  
remain normal, I f  neutral izat ion of the ion beams of the unfaulted 
thrus tors  continues, e lectron backstreaming t o  the  fau l ted  thrus tor  
electrodes can be about equal t o  i t s  normal beam current. However, 
i f  the remaining ion beams do not demand neutral izat ion,  the  en t i r e  
e lectron emission current would flow t o  the  posi t ive accelerator  
electrode of the  faul ted thrus tor -  Thrustor a r c  current would then 
be approximately equal t o  t o t a l  beam current even though current 
through the current-l imiting r e s i s t o r  was only a few percent of t o t a l  
beam currento 
might not worko 
too large t o  be self-extinguished rapidly.  
beams w i l l  not demand neutralization, then the success or f a i l u r e  of 
the system model shown i n  f igure 6 depends upon the r a t e  of increase 
of backstreaming current t o  the posi t ive accelerator  electrode- 
2-ampere vacuum a r c  between refractory metal electrodes can chop 
a f t e r  only a few microseconds which may be f a s t  enough t o  prevent 
buildup of arc  current t o  a magnitude that would be r e l a t i v e l y  
s tab le  _. 
I n  such a case the system model shown i n  f igure 6 
Arc current between thrus tor  electrodes could be 
I f  the  remaining ion 
A 
The system model i n  f igure 5 does not depend upon a low a rc  
current magnitude between thrus tor  electrodes f o r  successful opera- 
t i on -  The d-c c i r c u i t  breaker i s  required t o  in te r rupt  only r e s i s t o r  
current and reconnect the  negative poten t ia l  t o  the accelerator  elec- 
trode 
described above) during the period between breakdown and reconnection 
Nevertheless, backstreaming may increase the arc  current (as  
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of the  negative poten t ia l  t o  the accelerator electrode 
investigation of both system models is  currently being conducted a t  
L e w i s  Research Center with a nine-module a r ray  of 20-centimeter- 
diameter electron-bombardment thrustors  
of t he  nine-module array, 
Eqerimental 
Figure 7 i s  a photograph 
CONCLUDING RENARKS 
A lightweight ion rocket system f o r  p r h a r y  propulsion w i l l  prob- 
ably require the  paral le l f ig  of a number of th rus tors  on a mfnimum 
number of power supplies- 
t h e  en t i r e  power system and a l l  th rus tor  modules, Because it is e s t i -  
mated t h a t  several  hundred short-circui t  arcs  may occur between thrus- 
t o r  electrodes during a 200-day mission, it w i l l  be necessary t o  pro- 
t e c t  system equipnent and thrusters, 
t e m  short-circui t  current w i l l  have t o  be l imited t o  within a f e w  
Arcing i n  any t k u s t o r  module can a f f ec t  
For proper protection the sys- 
percent of t o t a l  beam current a1-c c-myent h-l a s&-le J-L---J---  blLL w bWI 
module w i l l  have t o  be Interrupted with mfnimm dLsturbance t o  the 
other modules e 
Two system models a re  proposed which w i l l  limit short-circui t  
current and interrupt  arcs  with minimum aFsturbance throughout the 
system, 
c i r cu i t  breaker inser ted in ser ies  with the accelerator  electrode of 
each moduleo 
t o  a value that would be unstable between refractory accelerat ing 
electrodeso 
ond system, 
emitters t o  accelerat ing electrodes, upon these system models is be- 
invest igate  d experiment a l l y o  
The f i r s t  system model has a resis tance and a d-c vacuum 
The second system model would l i m i t  th rus tor  a r c  current 
A d-c c i r c u i t  breaker would not be required with the see- 
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Figure 1. - Electron-bombardment thrustor and power supplies, 2 kilowatts. 
L 
t 
L al 
n 
oi 
P - z
2 
A 
2. m 
L 
L A
b 
2 
L 
r I- 
l o r  
1 I 
Thrustor arcing rate 
per module / 
Figure 2. - Effect of total array jet power on system arcing 
rate for several thrustor arcing rates, 2 kilowatts jet 
power per module. 
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Figure 3. - Variation of transformer specific weight with power output. 
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Figure 4. - Rudimentary ion rocket system. 
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Figure 5. - Electron-bombardment ion rocket electrical system with current-limiting resistors and accelerator circuit  breakers. 
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Figure 6e - Electron-bombardment ion rocket electrical system with high resistance in accelerator circuit  to prevent stable arcs. 
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Figure 7. - Nine-module a r ray  of electron-bombardment (Mercury) th rus tors  
operated in  a 25-foot-diameter vacuum facil i ty at Lewis Research Center. 
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